trees [10] . Moreover, because understory plants can integrate the effect of climate, soil, light, and physiography, they may be used as indicators for habitat conditions [11, 12] . So far, several studies have focused on the effects of overstory on understory vegetation and environmental conditions [13] [14] [15] [16] , relationships between the floristic composition and diversity of understory communities and environmental factors [17] [18] [19] , and responses of understory vegetation to disturbance [20, 21] . However, by overemphasizing the role of overstory trees, potential contribution of the understory to forest biodiversity conservation is still poorly understood in many ecosystems, and our current knowledge about the overstory-understory relationship is also limited.
Mt. Mao'er is located in northeastern Guangxi in southern China, stretching from Longsheng, Xing'an to Ziyuan County, with a total area of 17,008.5 hm 2 . The main peak of Mt. Mao'er is known as the "Peak of South China, " with an altitude of 2,141.5 m a.s.l. Given its status as one of 16 biodiversity hot spots, one of the 14 key areas of land biodiversity with international significance in China, and the source of the famous Lijiang River, many studies have focused on plant community species composition, diversity, community pattern, hydrological characteristics, and water conservation function there [22] [23] [24] [25] [26] . Forests in Mt. Mao'er have high species richness, yet we have little information about the understory communities present and their contributions to the ecological processes of the forest ecosystem. Therefore, our objectives are: (i) to quantify and compare the understory species composition in three stands with contrasting woody plant canopies in Mt. Mao'er (ii) to relate the spatial distribution and diversity of understory to canopy structure, soil fertility, and light availability.
Material and Methods

Study Area
The study was located in Mt. Mao'er National Nature Reserve (25º48′-25º58′N and 110º20′-110º35′E) in Guangxi, South China. Mt. Mao'er is situated in the midsubtropical moist climate region. The mean annual temperature is 12.8ºC, with minimum and maximum temperatures varying from -15.0 to 29.5ºC. The mean annual precipitation, relative humidity, and sunshine hours are 2,509.1 mm, 92.0%, and 1,065.7 h, respectively. The accumulated temperature greater than or equal to 10ºC is 4,229.7ºC [27] . The soil parent material is granite. Soil distribution from the foot to the top of mountain is mountainous red soil (below 400 m a.s.l.), yellow red soil (400-700 m a.s.l.), yellow soil (700-1200 m a.s.l.), grassing brown soil (1,200-1,400 m a.s.l.), yellow brown soil (1,400-1,800 m a.s.l.), and coppice soil (above 2,000 m a.s.l.).
The vegetation distribution in Mt. Mao'er shows a vertical zonation. Evergreen coniferous and broad-leaved mixed plantations, bamboo, and coniferous plantations are mainly distributed below 600 m a.s.l. Forests distributed in an elevation range from 600 to 900 m a.s.l. are mainly evergreen broad-leaved forests dominated by Cinnamomum appelianum, Ternstroemia gymnanthera, and bamboo and coniferous plantations. Forests dispersed from 900 to 1,300 m a.s.l. are mostly evergreen broad-leaved forests dominated by Castanopsis fabric, Lithocarpus calophyllus and Halesia macgregorii, and bamboo and coniferous plantations. Evergreen and deciduous broad-leaved mixed forest with partial evergreen broad-leaved forests are distributed from 1,300 to 1,700 m a.s.l., and forests spreading from 1,700 to 2,000 m a.s.l. mainly are evergreen and deciduous broad-leaved mixed forest and evergreen broad-leaved mixed conifer forest. Montane elfin forest is mainly distributed above 2,000 m a.s.l.
In June-July 2013 we established nine plots for a canopy tree survey, consisting of three plots for the Phyllostachys edulis (Moso bamboo) plantation near Jiuniutang (25º53'1"N and 110º29'16"E, and 1,150 m a.s.l.), three plots for the Cunninghamia lanceolata (Chinese fir) plantation (25º53′14"N and 110º29′12"E, and 1,152 m a.s.l.), and three plots for the natural evergreen and deciduous broad-leaved mixed forest (Natural mixed forest) (25º54′21″N and 110º27′55″E, and 1,384 m a.s.l.). Moso bamboo and Chinese fir, fast-growing commercial timbers in subtropical China, are the main ecological economic species planted in Mt. Mao'er and adjacent areas. In the study area, Moso bamboo and Chinese fir had been planted for decades, while anthropogenic disturbance for the two plantations had been gradually reduced since the Mt. Mao'er Nature Reserve was established in 1976. The natural mixed forest is an old-growth forest, mainly dominated by the relic plant of Tertiary, Fagus longipetiolata, maintaining abundant plant diversity.
Plant Census
Field surveys and measurements were conducted in June and July 2013. Within sample plots, all woody plants with diameters at breast height (DBH) ≥6 cm per plot were tallied, and their species identified; height (measured to the nearest 0.1 m), and DBH (measured to the nearest to 0.1 cm) were recorded. Details of overstory species composition and canopy characteristics are found in Table 1 .
Five 2×2 m subplots were established in each plot -one in the center and at each of the four corners of the 20×20 m plot. Understory vascular plants in each subplot were counted as the number of individuals, coverage, and average height of each species. Data from the five subplots were summed to represent a plot. Thus, a total of 45 subplots (3 canopy types × 3 plots × 5 subplots) were sampled.
Soil Sampling and Hemispherical Photography
Soil samples were collected in each subplot at two depths (0-10 and 10-20 cm). Soils from the two depths of each plot were summed, and about 1 kg mixed samples were sealed in plastic bags and analyzed at the Soil Testing Laboratory at the Soil & Fertilizer Research Division of Guangxi Forestry Research Institute. Soil pH values were measured with a pH meter. Content of soil organic matter (SOM) and total nitrogen (TN) were measured using potassium dichromate and distillation methods, respectively.
Hemispherical photographs were taken using a DMC-LX5 digital camera (Panasonic Corporation, Tokyo, Japan) with an upward-looking FC-E8 fisheye lens converter (Nikon Corporation, Tokyo, Japan). The camera was set on a self-leveling Mid-O-Mount with an inner North Finder on a tripod at the height of 1.5 m, oriented to magnetic north by the self-leveling Mid-O-Mount using a remote control. A single photograph was taken at the center, one-fourth, and three-fourth points on the diagonal of each sample plot. Up to 45 photos were taken and saved in fine-quality JPEG format. All photographs were taken on clear days before 11 a.m. and after 3 p.m., or on overcast days to minimize the glare from direct sunlight. The hemispherical images were analyzed using Gap Light Analyzer (GLA, version 2.0) [28] . In GLA, analyzing the photos requires a threshold value to be determined by the user. Pixels darker than the threshold value are separated into "canopy, " and pixels lighter than this value are separated into "sky" [29] . Three parameters were selected, representing the transmitted gap light regime in the understory. Leaf area index (LAI) is computed for effective leaf area index integrated over the zenith angles 0-60º; percent canopy openness (CO) is computed for the percentage of open sky seen from beneath a forest canopy, and percent trans total (TTot) is computed for the ratio of amount of total solar radiation transmitted by the canopy and topographic mask to the above total mask multiplied by 100%.
Data Analysis
The importance value (IV) of each understory species per plot was calculated by summing the relative frequency, relative density, and relative cover (maximum 300%) [4] . Community characteristics, including the basal area (BA) and density (Density) of overstory trees, number of individuals (N), Shannon diversity index (H′), species richness (S), and evenness for overstory and understory flora were computed using statistical software PC-ORD 5.0. The diversity parameters were calculated according to the following equations: S = number of species per plot (1) (2) (4) ...where: N i -number of stems per plot and p i -proportion of the number of the i-th species to the total number of species in the j-th plot.
Three datasets were constructed based on data collected from the 45 subplots: understory-flora presence/absence data, IV of understory component species in each plot, and a quantitative environmental data matrix, comprising BA, [30] .
Individual species IVs and sample plots were ordinated by detrended correspondence analysis (DCA). Pearson's and Kendall's Tau correlation coefficients were calculated to identity associations between ordination scores and the explanatory environmental variables. All of the above multivariate analyses were performed by PC-ORD Version 5.0.
Data of overstory characteristics and environmental factors were analyzed by one-way ANOVA followed by Duncan multiple range tests, with the level of significance set at p<0.05. Finally, forward stepwise multiple regressions were performed in SPSS Version 19.0 to identify environmental factors related to plant diversity in understory.
Results and Discussion
Community Characteristics
A canopy of natural mixed forest can be stratified into three sublayers according to tree height. The first sublayer is about 20 m, mainly dominated by evergreen broadleaved species, Castanopsis lamontii, and deciduous broadleaved species, Fagus longipetiolata; the second is about 8-15 m, with no obvious dominant species; the third is about 4-7 m with discontinuous canopy, mainly dominated by evergreen broad-leaved species [31] . Compared to natural mixed forest, Moso bamboo and Chinese fir plantation comprise only one layer in the canopy. Community structure of the natural mixed forest is more complex with significantly stratified canopy than that of Moso bamboo and Chinese fir plantation, yet the two plantations are tall and dense for a given stem diameter, and they have narrower crown for a given height than old-growth trees.
A total of 95 understory species, distributed in 77 genera and 50 families, was recorded across all plots. The Moso bamboo plantation had 48 species in 33 families, the Chinese fir plantation had 28 species in 19 families, and the natural mixed forest had 50 species in 35 families (dominant taxa shown in Table 2 ). Sixty-seven species were unique to only one of the forest types. Natural mixed forest had the highest number of unique species (34) , and Moso bamboo plantation had the least (12) . Although Carex cruciata, Cayratia japonica, Eurya groffii, and Ficus heteromorpha were common to all forest stands, they accounted for only 4.2% of the total number of understory species. Arthraxon hispidus dominated the understory of the Moso bamboo plantation with the highest IV, and Cyclosorus parasiticus and Carex cruciata dominated the understory of the Chinese fir plantation and the natural mixed forest ( Table 2 ). The forests also differed in co-dominant species. Strobilanthes penstemonoides, Arthraxon hispidus, and Oplismenus compositus was co-dominant in Moso bamboo, Chinese fir, and Natural mixed forest, respectively.
We found that the Chinese fir plantation provides the least, but natural mixed forest the greatest vascular understories ( Table 2 ). Several studies have also observed that conifer-dominated forests had the least species in understory [32, 33] , richness was the greatest for mixed patch types, followed by gaps, and then conifer and broadleaf patch types [34] . Studies demonstrated that natural stands with stratified canopy have the highest understory species richness, while single-layered stands had consistently low understory [35] [36] [37] . These studies reveal that mixed stands could maintain more diverse species in understory than those with single structure, and species richness and composition patterns of understory are strongly associated with forest stand type [38, 39] .
Characteristics of Overstory and Environmental Factors
Mean overstory basal area (BA) of Moso bamboo and natural mixed forest were significantly lower than that of the Chinese fir plantation (p<0.05; Fig. 1A ). Tree densities of the three canopies were significantly different (overall p<0.05), with Moso bamboo plantation > Chinese fir plantation and natural mixed forest. Overstory-H′ of natural mixed forest was the highest, but not significantly different among forest stands (p=0.2014). The overstory species richness of natural mixed forest was significantly higher than that of the two plantations (overall p<0.05).
Of the other environmental factors, significant differences were found only in pH and TN (Table 3) : Moso bamboo plantation had the highest pH and lowest TN, natural mixed forest had the lowest pH and highest TN, while Chinese fir was intermediate.
Multi-Response Permutation Procedures
Studies have revealed that forests with contrasting canopy structures support distinct understory communities [40] [41] [42] . In the present study, significant differences in understory species composition were determined by MRPP (T=-4.0619, A=0.1937, p=0.0009). Pairwise comparisons with MRPP showed significant differences among the three canopy types, with the difference being the greatest between Chinese fir plantation and natural mixed forest (Table 4 ). Mantel tests showed that dissimilarity in understory species composition was negatively associated with LAI and Overstory-H′, and positively with BA, density, and (Table 5 ). This may be attributed to the influence of the species composition and structure of overstory on the understory resource levels and distribution, which in turn influence the distribution of understory species. There is also evidence that site's geographic and geological characteristics and forest management influence the ground flora more than the tree species at a larger spatial scale [43] . The influence of factors on species recruitment, e.g., seed dispersal, germination ecology, and seedling survival, are important but rarely quantified [44] [45] [46] .
Detrended Correspondence Analysis
DCA ordination separated sample plots into three groups corresponding to the three forest types (Fig. 2) . There was a clear gradient on Axis 1 from plots with fewer species (lower scores) to plots with more species in the tree layer on the right (higher scores). Our results are similar to those of Sagar et al. [4] , who found a separation of herbaceous assemblages corresponding to three woody plant canopies. Overstory-S was strongly correlated with the first DCA axis (r=0.837) (Table 6) , as was the Shannon diversity index (Overstory-H′) and basal area (BA). However, the light parameters were not strongly related to the first DCA axis, only TTot was weakly correlated with the second DCA axis (r=0.501).
Studies have revealed that overstory structure plays a leading role in determining understory distribution [47, 48] , which affects understory communities through direct influence on soil nutrient availability, sub-canopy light level, and microclimate [49] [50] [51] . We found that the overstory characteristic was the most important factor related to the variation of understory species distribution, as was soil fertility (as inferred by data on soil TN and pH). The reason may be that canopy characteristics determine the resulting soil nutrient availability through affecting the amount and composition of leaf litter produced [52] , and thus the understory distribution. An overstory with high richness forms a heterogeneous canopy structure, which provides diverse microhabitats for understory species with different requirements.
Stepwise Regression Analysis
Results from forward stepwise regression analysis demonstrated that characteristics of the understory (Understory-S, Understory-H′) are best predicted by some of the measured environmental parameters (Table 7) Previous studies demonstrated that understory community and diversity are closely related to soil nutrients [53, 54] , overstory characteristics [55] [56] [57] , and light availability [58, 59] . In the present study, variation in the understory species diversity was mainly correlated with overstory and soil properties, while effect of light level was relative weak. Presumably the heterogeneous microhabitat caused by the species-rich and complex canopy structure and fertile soil alleviates the effect of light, so that light is not a limiting factor.
Conclusions
In this study, the three forest types differed in overstory tree composition, canopy structure, and soil conditions, supporting the distinct differences in understory species composition. The understory alpha diversities of natural mixed forest plots were higher than that of the two plantations ( Table 2 ), demonstrating that natural forests had greater ecological importance than plantations in controlling understory communities.
Our results revealed that variation in understory communities were mainly correlated with overstory and soil properties. In summary, overstory sinusia properties, together with edaphics, play a significant role in determining the understory communities. Meanwhile, understory in this area is more constrained by aboveground competition (i.e. low light availability under dense canopy cover) than belowground competition (for fertile soil nutrients) [60, 61] . Understory flora is a diverse but poorly understood component in many forest ecosystems. Detailed information about understory plants for growth forms other than trees is lacking, and there is a dearth of data regarding the effects of environmental factors on the understory. Thus, more attention should be paid to the understory for biodiversity conservation, and the influence variables must be evaluated differently for their vital role in controlling understory vegetation.
